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 In this thesis, the rheological property of high ammonia (HA) natural rubber 
latex (NRL) concentrates produced in Thailand was investigated. The samples were 
prepared by two methods; (1) directly diluted from received latex and (2) diluted from 
re-centrifuged NRL concentrates. The samples were prepared in the range of 48-68 (% 
by weight) total solids contents (TSC).  
 From laser diffraction, the z-average diameters (D[4,3]) of samples were in the 
range of 0.74-0.93 μm for directly diluted NRL samples and 0.81-0.89 μm for re-
centrifuged NRL samples. All samples showed polydisperse system. TEM 
micrographs showed the spherical shape and polydisperse rubber particles. At shear 
rates range of 3.06-122.58 sec-1, shear thinning behavior was observed in all samples. 
Large particles gave lower viscosity than small particles because of smaller surface 
area per unit volume in larger particles. Latex viscosity slowly increased with 
increasing percent TSC up to the critical total solids content (TSCc). At upper than the 
TSCc, viscosity rapidly increased with increasing TSC. The rapid increase of viscosity 
can be explained by the approach to maximum packing volume (φmax) of system. The 
TSCc was in the range of 58-60% TSC for directly diluted NRL and 59-61% TSC for 
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1.1 General Introduction 
 Natural rubber latex is obtained principally from rubber-producing trees of the 
species Hevea brasiliensis, of the family Euphorbiaceae which grow in tropical 
regions. These trees are native plant of Brazil. Hevea rubber was introduced into the 
tropical Asia in 1876 by Sir Henry Wickman H.N. Ridley (Matthan, 1998). In 1899, 
Hevea rubber was first cultivated in Trang province, in south of Thailand by 
Khosimby Na Ranong. With suitable climate, Hevea rubber has been widely 
cultivated in Thailand. Figure 1.1 presents production of natural rubber from main 
rubber producers in the world since 1988-2004 (Rubber Research Institute of 
Thailand, 2006). It can be seen that natural rubber production from Thailand 
continuously increased. During 1988-1992, the high demand of natural rubber 
(concentrated latex) was increased because of AIDS infection. In Thailand, World 
Bank’s lending for the rubber replanting promotion activities encouraged the 
conversion of large areas into rubber plantations. Thai government has converted 
small traditional rubber estates into large-scale industrial plantations (Matthan, 1998). 
Thailand becomes the world’s largest rubber producer since 1992. In 2004, 34 
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 Natural rubber product in Thailand can be classified into four main categories; 
ribbed smoked sheet rubber, blocked rubber, concentrated rubber latex and other 
types. The production of each natural rubber type is shown in Figure 1.2 (Rubber 
Research Institute of Thailand, 2006). It can be seen that production of blocked 
rubber, ribbed smoked sheet and concentrated rubber latex were increased while 
production of others type of rubber was relatively constant. The majority of raw 
natural rubber production in Thailand is exported. The amount of natural rubber in 
each rubber category exported from Thailand since 1997-2004 is shown in Figure 1.3 
(Rubber Research Institute of Thailand, 2006). It can be seen that an exportation of 
blocked rubber and concentrated rubber latex were continuously increased while an 
exportation of ribbed smoked sheet rubber was fluctuated. The export of concentrated 
natural rubber latex is expected to be increased (Rubber Research Institute of 
Thailand, 2006). Currently, about 50% of all concentrated latex is consumed by the 
dipped goods industry (condom, medical and household gloves). Other uses of latex 
are in carpet backing, thread and adhesives.   
 Viscosity of latex significantly influences processing conditions and final 
rubber product properties. Understanding factors affecting viscosity of latex is thus 
beneficial. Many works have focused on viscosity of synthetic latexes. In this work, 
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Figure 1.2 Production of natural rubber in each rubber category in Thailand (Rubber  
                   Research Institute of Thailand, 2006) 
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Figure 1.3 Natural rubber production exported from Thailand (Rubber Research  
                    Institute of Thailand, 2006) 
 
1.2 Research objectives  
 This research is aimed to study the rheological properties of concentrated 
natural rubber latex. High ammonia natural rubber latex concentrates will be used. 
The main objectives of this research are; 
 (i)  To study the flow behavior of high ammonia natural rubber latex 
concentrate.  
 (ii)  To study the effect of particle size distribution on viscosity.  
 (iii)  To study the effect of total solids content on viscosity. 
 (iv) To study the effect of temperature on viscosity. 
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 (v) To study the applicability of Mooney and Krieger-Dougherty equations 
on latex viscosity. 
 
1.3 Scope and limitation of work 
 The commercially available high ammonia Hevea rubber latexes (~61.5% 
TSC) purchased from Thai Hua rubbers Co., Ltd (Udornthani), Thai eastern rubber 
Co., Ltd (Chonburi) and Inter rubber latex Co., Ltd (Suratthani) will be used. Total 
solids content in the range of 50-70 percent (by weight) will be prepared using either 
dilution or centrifugation. The methods that will be used are shown below. 
 (i) Total solids content is determined according to International Standard 
(ISO) number 124:1997(E). 
 (ii) Dry rubber content is determined according to International Standard 
(ISO) number 126:1995(E). 
 (iii) Particle size distribution is determined by light scattering technique or 
transmission electron microscopy (TEM). 
 (iv) Viscosity is measured using Brookfield viscometer (RV model) with 
coaxial cylinder geometry. 




 The word Latex is commonly used to denote a stable colloidal dispersion of a 
polymeric substance in an aqueous medium. It has sometimes been extended to 
include stable colloidal dispersions of polymers in non-aqueous media in which the 
polymer is insoluble (Blackley, 1997). Rubber latex system can be classified into two 
classes. The synthetic latex is normally obtained from emulsion addition 
polymerization and condensation polymerization. Natural latex is obtained from 
plants. Natural rubber latex may be tapped off from part of plants, such as bark, roots, 
leaves, stems, tubers and fruits. The production of latex is a characteristic feature of 
many plants, but latex containing rubber in large quantities occurs only in the species 
of families Moraceae, Euphorbiaceae, Apocynaceae, and Compositae (Matthan, 
1998). Nowadays most natural rubber latex is derived from the species Hevea 
brasiliensis of the family Euphorbiaceae (Blackley, 1997).   
 
2.1 Natural rubber latex 
 Freshly tapped Hevea latex contains not only rubber particles but also non-
rubber particles dispersed in an aqueous serum. The ratio of rubber to non-rubber 
components varies from source to source. The rubber component from Hevea rubber 
tree is an entirely more than 98% of cis-1,4-polyisoprene (Figure 2.1) which is unable 
to crystallize under normal conditions. Therefore it exists as an amorphous, rubbery 
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material. Natural rubber latex (NRL) typically contains 34% (by weight) of rubber , 
2%-3% proteins, 1.5%-3.5% resins, 0.5-1% ashes, 1.0-2.0% sugar 0.1-0.5% sterol 
glycosides and 55-60 % of water (Cacioli, 1997). The general composition of solid 
content of NRL is shown in Table 2.1. Hevea latex has a pH of 6.5-7.0 and a density 
of 0.98 g/cm3. Rubber particles varied in size from 0.15 μm to 3 μm (Kroschwitz and 
Jacqueline, 1990) and molecular weight distribution 105-107 g/mol, depending on 






Figure 2.1 Chemical structure of cis-1, 4-polyisoprene in Hevea latex 
 
Table 2.1 Compositions of the total solids content in natural rubber latex (Crowther,  
1982) 
Composition Percent by weight 
cis-1,4-polyisoprene > 90 




 The average rubber content of freshly tapped latex may be in a range of 30 to 
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45 percent. This fresh latex is not utilized in its original from due to its high water 
content and susceptibility to bacterial attack. It is necessary both to preserve and 
concentrate the latex, so that the natural rubber latex is stable and contains 60% or 
more of rubber. NRL concentrates is differentiated by the method of concentration 
and type of preservative used. High concentration is achieved by centrifugation (the 
most common), by creaming, or by evaporation (Tantatherdtam, 2003). Ammonia is 
normally applied to preserve latex from the bacterial attack. High ammonia (HA) 
latex, containing 0.7% ammonia in the latex, is still most frequently used material. 
More than 60 percent of centrifuged latexes are the high ammonia type.   
 Natural rubber latex concentrates are highly specified materials and are 
characterized by a number of properties that are significant to the user. The rubber 
solids content and the alkalinity are considered relatively fixed properties, if properly 
stored, these properties should remain largely unchanged. In contrast, properties such 
as potassium hydroxide (KOH) number, volatile fatty acids (VFA) number and latex 
mechanical stability time (MST) are, time dependent and also depend on the 
effectiveness of preservation, handling procedures and storage (Tantatherdtam, 2003). 
 
2.2 Particle interaction 
 Main interparticle forces commonly appearing in colloids are reviewed. There 
are five main interparticle forces acting in colloidal system (Quemada and Berli, 
2002). The first interaction is Van der Waals interaction, which relates the attractive 
interaction forces between any two bodies of finite mass. Van der Waals forces 
included the Keesom orientation forces permanent dipoles, Debye induction forces 
between diploes and induced diploes, and London (dispersion) forces between two 
   
 10
induced dipoles (Schramm, 2001). Van der Waals interaction is decreased rapidly and 
is not relatively important at large distance between center to center of particles.   
 The second interaction is electrostatic force which arises from the presence of 
electric charges (either negative or positive) bound at the surface of the particles 
(Hunter, 1993). Typically, investigation of electrostatic force in colloidal suspension 
is electric double layer interaction. Electrically charged particles in aqueous media are 
surrounded by counterions and electrolyte ions, namely, the screening double layer. 
As two particles approach each other, the overlapping of double layers leads to long-
range repulsive forces due to entropic effect (Israelachvili, 1997). The profile of the 
interaction depends on the ratio between the particle size and the Debye screening 
length. The electrostatic forces are typically observed in colloidal suspension with 
electrostatic stabilization. 
 The third interaction is hydrophilic interaction, also called structural forces. 
The interactions are relevant for several systems in aqueous media. This interaction 
arises from highly hydrophilic surfaces that cause molecular order in the adjacent and 
neighboring water molecules. The superficial hydration leads to a repulsive force 
between surfaces, which decay exponentially with a characteristic length 
(Israelachvili, 1997).  
 The fourth interaction in colloid system is depletion or exclusion interaction.  
When polymer molecules are added to adjacent surfaces, an attractive force is 
generally created between the surfaces (Schramm, 2001). The mechanism is involved 
either bridging or depletion, depending on the net interaction between the particles, 
macromolecules and the solvent. If particles are relatively large when compared with 
the polymer, attractive particle-particle forces are arisen by the mechanism of 
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depletion (Israelachvili, 1997). This interaction is exponentially decaying with a 
characteristic distance of the order of the segment polymer length.  
 The fifth interaction is polymer-polymer interaction. This interaction is 
common to several colloidal systems such as those containing polymer-covered 
particles (grafted or adsorbed), microgels and star polymers. Some polymers are 
usually added to stabilize the colloidal suspension. This stabilization is referred to as 
“steric stabilization”. The interaction relates the thickness of the layer formed by the 
polymer chains attached to the core and the surface to surface distance between cores 
(Quemada and Berli, 2002). The steric stabilization strongly depends on temperature. 
The reason is partly that entropic effects make a greater contribution to the Gibbs free 
energy change which accompanies the close approach of two particles than 
electrostatic stabilization (Blackley, 1997). 
 
2.3 Factors affecting the viscosity of latex system 
 Rheological properties of latex have been widely investigated. Many factors 
affected to the rheological properties of latex (Blackley, 1997). Here the average size 
of the latex particles, the distribution of size of latex particles, the concentration of 
latex particles in latex suspension and temperature are reviewed.  
 2.3.1  Particle size and particle size distribution (PSD) 
           Knowledge of particle size and PSD is of primary importance in 
emulsion systems. The “size” of particle can be referred to its radius or its diameter. 
The chemical, physical and mechanical properties of emulsion systems are affected 
by particles size and PSD.  
  The effect of particle size on the monodisperse latex viscosity was 
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investigated by Johnson and Kelsey (1958). Three different sizes of poly-
styrene/butadiene copolymer latexes were employed. At the same total solids content, 
large particle size gave lower of viscosity than small particles.  
           Greenwood, Luckman and Gregory (1998) investigated effect of 
particle size and PSD of two monomodal synthetic polystyrene and their blending. 
They found that the viscosity of small particle (78 nm) showed higher viscosity than 
the large particle (360 nm). The viscosity of blend between large particles and small 
particles was lower than original particles. A minimum in the high shear rate limiting 
viscosity was found in the range 15-20% by volume of small particles. 
           The viscosity of aqueous polystyrene latex dispersion from three 
synthetic batches was investigated by Luckham and Ukeje (1999). TEM was 
employed to study the number-average particle size and standard deviations of the 
polystyrene latex. Three synthetic polystyrene latexes showed the same z-average 
particle size of 400 nm with varying degree of polydispersity, 0.085, 0.301, and 
0.485, respectively. The polystyrene particles were stabilized sterically with PEO-
PPO-PEO triblock copolymer (Synperonic F127). The results showed that the 
viscosities of the system exhibit shear thinning behavior at high solid fraction. The 
degree of shear thinning depends on the breadth of particle size distribution. At the 
narrowest distribution (polydispersity = 0.085) suspension exhibits the highest degree 
of shear thinning.  
            The influence of PSD on the viscosity of synthetic latexes was 
investigated by Schneider, Claverie, Graillat and McKenna (2002). Three sizes of 
latex particle were prepared from butyl acrylate (BA), methyl methacrylic acid 
(MMA) and acrylic acid (AA). The viscosities of trimodal latex blending from large 
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particles (607 nm), medium particles (340 nm) and small particles (60 nm) were 
investigated. It was found that at TSC > 65% blending ratio of 10-15% (small 
particle: 0-10% (medium particle) : 75-80% (large particle) showed the lowest 
viscosity. 
           For natural rubber latex, particle sizes are not strictly monodisperse, 
they do not all have identical size.  It is important to know the particle size and PSD 
in order to control the rheological properties. To measure the particle size and particle 
size distribution, the most frequently used techniques are microscopic technique, light 
scattering technique and particle movement technique (Lovell and El-Aasser, 1997). 
           A comparative study of methods for the particle size and PSD 
measurements of standard polystyrene latex was studied by Elizalde, Leal and Leiza 
(2000). Four commercial instruments for measuring the average particle size and PSD 
were compared by analyzing a wide variety of samples including a series of 
monodisperse polystyrene latex in submicron range (39-804 nm), and bimodal and 
trimodal at different weight ratios. Dynamic light scattering (DLS) (N4-PLUS from 
Coulter), capillary hydrodynamic fraction (CHDF) (CHDF-2000 from Matec Applied 
Sciences), disk centrifuge photosedimentometry (DCP) (BI-DCP from Brookhaven 
Instruments) and transmission electron microscopy (TEM) (H-7000 FA from Hitachi) 
were used. It was found that for monodisperse latexes DLS, CHDF and DCP gave 
similar particle size which is also comparable to the particle size measured by TEM 
and reported by the supplier of standard latex. For the polydisperse samples, CHDF 
and DCP provided the most accurate distributions for the bimodal and trimodal 
samples analyzed. DLS failed to capture the entire distribution for the bimodal sample 
and the trimodal sample. 
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  Another comparative study of methods for the particle size and PSD 
measurements of polymeric suspension was demonstrated by Schneider and 
McKenna (2002). Particle size and PSD of synthetic poly (BA-MMA) and 
polystyrene (St) standards were investigated by various methods, as shown in Table 
2.2. The technique of cryofracture was employed with scanning electron microscopy 
(SEM) to give the reference particle size diameter. It was found that all methods gave 
the same mean particle size diameter for monomodal latexes. However, Lo-C 
Autosizer gave a much narrower PSD than other techniques. In case of a bimodal 
latex, multi-angle dynamic light scattering and separative methods offered adequate 
estimates of the average particle size of population.   
 
Table 2.2 List of methods used to measure PSD and average particle size (Schneider 
and McKenna, 2002). 
Techniques Methods Specific Equipment 
Microscopy Scanning Electron Microscopy (SEM) Phillips XL 30 FEG 
Capillary Hydrodynamic Fractional (CDHF) CHDF 2000 (Matec) 
Separative Methods 
Flow-Field Flow fractionation (FFF) F-100 from FFFraction, LLC 
Lo-C Autosizer (Malvern Instruments) 
Single angle 
Zetasizer 3000 (Malvern Instruments) 
4-scattering angle detection N4-PLUS (Coulter) 
Dynamic light scattering 
Multi-angle variable detection Zetasizer 5000 (Malvern Instruments) 
LS 2301 (Coulter) 
Mastersizer (Malvern Instruments) Static light scattering 
Static Light Scatting Light Diffraction coupled 
with Polarization Intensity Differential 
Scattering (PIDS-Coulter counter only) 
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 2.3.2  Total solids content  
  Rhode and smith (1993) studied the viscosity of the preserved field 
latex (DRC = 24-52%) and concentrated latex (DRC = 56-63%) using Hoppler and 
pipette viscometers. By assuming shear rate independent viscosity, they found that the 
relationship between viscosity and DRC depends on DRC. For the preserved field 
latex, logarithmic viscosity was proportional to tangent of DRC. For the concentrated 
latex, viscosity was linearly proportional to DRC. 
 2.3.3  Temperature  
             Ngothai, Bhattacharya and Coopes (1995) studied the effect of 
temperature on viscosity of polystyrene latex-gelatin dispersion. The spherical 
polystyrene latexes with free emulsifier were investigated. The results showed that 
relative viscosity at shear rate of 80 sec-1 decreases dramatically with an increase in 
temperature from 25 to 90°C. It was explained as a result of decreasing in the 
interactive forces between particles as the temperature increased or a disappearance of 
the water bridges due to evaporation. The three main interaction forces are Van der 
Waals attraction, electrostatic repulsion and the steric forces. In terms of energy 
calculation, the Van der Waals and electrostatic forces are not really a function of 
temperature. In the latex system with surfactant added, the most important forces 
found to depend on temperature is the steric forces.  
           Varkey, Rao and Thomas (1995) studied the effect of shear rate and 
temperature on the rheological behavior of natural latex. Hevea latex with a 61.6 
percent of TSC and a 60 percent of DRC of Hevea latex were used. NRL showed a 
decrease in viscosity with an increase in shear rate, indicating shear thinning 
behavior. In addition, NRL showed a decrease in viscosity with temperature. They 
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explained that as temperature increases the links between the particles are ruptured. 
Hence, interactions among the particles are reduced. A recent study on rheological 
properties of three species of natural rubber latex (P. argentatum, F. elastica, and H. 
brasiliensis) investigated by Cornish and Brichta (2002) showed that the latex 
viscosity of three species of NRL increased with increasing rubber particle 
concentration, but declined with increasing temperature at all DRC.  
 
2.4 Theoretical equations for latex viscosity 
 The viscosity of concentrated colloid suspension is a function of many 
parameters such as particle size, particle size distribution, concentration, temperature, 
body thermodynamic and hydrodynamic interparticle interaction. Because of the 
complicated parameters, a general theory for concentrated colloid suspension is not 
completely available. However, the existent equation can be made some limiting case. 
In 1906-1911, Einstein undertook a theoretical analysis of the effect of suspended 
spherical particles on the viscosity (Lovell and El-Aasser, 1997). For highly dilute 
suspensions (φ  < 0.05) of hard sphere particles, Einstein proposed  
 r
0
=      =  1    [ ]ηη η φη +                 (2.1) 
where  ηr =   the relative viscosity of the latex 
 η =   the viscosity of latex 
 η0 =   the viscosity of the latex medium 
 [η] =   the intrinsic viscosity of the particles dispersed in the latex 
 φ = the volume fraction of spheres relative to the total volume of  
dispersion.   
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 Assumed that there is no slip between particles and fluid medium, and the 
fluid medium is a Newtonian and an incompressible fluid, Einstein equation often 
appears with [η] = 2.5 for rigid sphere (Blackley, 1997). Einstein expression is only 
valid at low to very low value of volume fraction. The equation was extended to 
higher concentrations by considering interaction between the particles (Vand, 1945):  
 ηr  =   1 + 2.5φ + k2φ2  (2.2) 
where  k2  =   an adjustable constant between 2.5 to 9 
 This k2φ2 term was contributed to particle-particle interactions or 
hydrodynamic interaction in semi-dilute, or moderately concentrated solutions. This 
equation shows good fitting in the data below volume fraction of 0.10 (Lovell and El-
Aasser, 1997, Larson, 1999). In 1951, Mooney proposed a new model for monomodal 
dispersions of hard, nondeformable spheres as followed.  
 r
c
   
[ ]
   =   exp
1
    
   -   / 
η φη φφ
⎛ ⎞⎜⎜⎜ ⎟⎝ ⎠
⎟⎟   (2.3) 
 Mooney introduced the critical packing volume fraction (φc) term. This φc 
related the particle size distribution to the viscosity (Mooney, 1951). At which 
relative viscosity approaches infinity, the packing volume corresponded to the 
maximum packing volume fraction (φmax). Although the Mooney equation was 
developed to use at higher volume fraction than Vand equation, it is often observed to 
fit data in range of 0-0.5 volume fraction (Bradna, Stern, Quadrat, and Snuparek, 
1996, Horsky, Quadrat, Porsch, Mrkvickova, and Snuparek, 2001, Quadrat, Snuparek, 
Mikesova, and Horsky, 2005 and Staicu, Micutz and Leca, 2005). In addition, the 
greater of intrinsic viscosity than 2.5 was also founded (Quadrat et al., 2005). They 
explained as the large amount of surfactant in system gave stronger repulsive 
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interaction among the particles in the system that effected to the strength of 
interactions at particle-water interface. The strength interaction at particle interface in 
accordance with variation of intrinsic viscosity values. Since, the large amount of 
surfactant in mixture gave the large values of intrinsic viscosity (Quadrat et al., 2005). 
In 1959, a well-known equation specifically for polymer latexes was suggested by 
Krieger and Dougherty (equation 2.4). Krieger-Dougherty equation was developed 
from Mooney equation to increase efficiency of model for non-dilute system (Krieger 
and Dougherty, 1959). Small errors in the determination of volume fraction can lead 
to large errors in the viscosity (Meeker, Poon, Pusey, 1997, quoted in Larson, 1999). 
 maxr
max
- [ ] 
      =      1  -   
η φφη φ
⎛ ⎞⎜ ⎟⎜ ⎟⎝ ⎠
 (2.4) 
 Krieger-Dougherty equation was frequently observed in colloidal latex with 
volume fraction in range of 0-0.7 (Greenwood, Luckham, and Gregory, 1995, Chu, 
Guillot, and Guyot 1998, Pishvaei, Graillat, McKenna, and Cassagnau, 2005, 
Carlsson, Jarnstrom, and Stam, 2006).  
 Jones, Leary, and Boger (1991) studied the efficiency of the theoretical 
viscosity model mentioned earlier using dilute and concentrated silica suspension was 
investigated. Figure 2.5 shows the viscosity data at low volume fraction (triangle, Δ) 
and high volume fraction (circle, О). The data show that at low volume fraction, the 
experimental result agrees well with all models. While at high volume fraction of 
silica suspension, only Krieger-Dougherty model fits the data. Greenwood et al. 
(1995) studied the rheology of polystyrene and poly (methyl methacrylate) (PMMA) 
suspension. The experimental results demonstrated that fitting of Krieger-Dougherty 
equation at low volume fraction has high variation. It indicated that Krieger-
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Figure 2.2 The concentrated silica suspension viscosity data fitted to the theoretical  
 models. The short dash line is drawn according to Einstein equation. The  
 dash-dot line is drawn according to Vand equation with k2 = 5. The solid  
 line is drawn according to Krieger-Dougherty equation with φmax = 0.631 
 and [η] = 3.17. The dotted line is drawn according to Mooney model with 
 φmax = 0.631 and [η] = 3.17. (Jones et al., 1991) 
 




3.1 General background 
 The experimental details in this chapter aimed to investigate the viscosity, 
total solids content (TSC), dry rubber content (DRC), particle size and particle size 
distribution (PSD) of HA NRL concentrate. Hevea Brasiliensis natural rubber latex 
(RRIM-600 clone) was investigated. The viscosity of NRL was measured by coaxial 
cylinder geometry viscometer (Brookfield viscometer). Total solids content and dry 
rubber content were determined according to International Organization for 
Standardization (ISO) 124:1997(E) and ISO 126:1995, respectively. The average 
particle size diameter and PSD of rubber particles were determined by laser 
diffraction technique and transmission electron microscopy (TEM). The flowchart of 
experimental design is presented in Figure 3.1. 
 
3.2 Materials and chemical reagents 
 3.2.1  High ammonia (HA) natural latex concentrates  
           Five lots of concentrates latex HA NRL from three agricultural 
sources in Thailand were used. Three lots were purchased from Thai Hua Rubber 
Public Co., Ltd. (Udornthani, northeastern region of Thailand). One was purchased 
from Thai Eastern Rubber Co., Ltd. (Chonburi, eastern region of Thailand) and the 
last was purchased from Inter Rubber Latex Co., Ltd. (Suratthani, southern
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region of Thailand). The specification of HA NRL concentrates is shown in Table 
3.1. Total solids content in the range of 48-66 percent (by weight) were prepared 
using either dilution or centrifugation. Sample preparation methods will be described 
in section 3.3. 
 








































1. TSC, % 62.08 61.50 61.72 61.23 61.77 
2. DRC, % 60.19 60.06 60.09 60.09 60.09 
3. Non-rubber solid content,% 1.89 1.44 1.63 1.14 1.68 
4. NH3 content (on total weight), % 0.74 0.75 0.69 0.60 0.66 
5. NH3 content (on water phase), % 1.95 1.95 1.80 1.55 1.73 
6. pH value 10.51 10.69 10.66 10.48 10.37 
7. KOH No. 0.63 0.51 0.48 0.52 0.44 
8. VFA No. 0.048 0.019 0.047 0.040 0.021 
9. MST, sec 1,050 1,000 656 330 1,227 
10. Mg2+ (on solid), ppm 20.10 26 39.15 39.35 32.99 
 
 3.2.2  Acetic acid 
           The 50% by volume of acetic acid solution was purchased from 
Witayasom Corporation. It was diluted to 5% solution of acetic acid by distillated 
water before usage. 
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 3.2.3  Osmium tetraoxide 
           The E.M. grade Osmium tetraoxide (OsO4) supplied by Electron 
Microscopy Sciences (EMSTM) was diluted to 4% by weight with distillated water. 
 3.2.4  Poly vinyl-formvar 
           Poly vinyl-formvar resin supplied by EMSTM and chloroform reagent 
(CH3Cl) were used to prepare a film coated on the copper grid. A 0.5% solution of 
poly vinyl-formvar in chloroform (Bozzola and Russelll, 1999) was prepared. 
 3.2.5  Polystyrene latex 
             Standard polystyrene latex with diameter of 220 ± 6 nm was used as 
reference for size calibration in TEM. It was supplied by Duke scientific corporation 
and directly used without any purification.  
 
3.3 Experimental 
 3.3.1  NRL sample preparation 
           The samples used in this study can be classified into two categories: (i) 
HA NRL concentrated samples were directly diluted from the as received latex and 
(ii) HA NRL concentrated samples were re-centrifuged and diluted. For (i), five 
concentrations of 48%, 52%, 56%, 60% and 61.5% TSC (by weight) were prepared. 
The total solids content of as received HA NRL concentrates from suppliers were 
determined (as will be described in section 3.3.2). From supplier specification, the 
received latex concentration is approximately 61.5 percent of TSC. In order to 
prepare the samples by dilution method, distillated water was added. At each 
concentration, 200 grams of sample were prepared. To homogenize the latex samples, 
the sample bottoms were shaken by Ika Orbital shaker (model Digital KS501) at 180 
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revolutions per minutes (rpm) for 30 minutes and rested at room temperature about 
24 hours. The latex samples were kept at 4°C in refrigerator. The cool samples were 
rested at room temperature about 4 hours before used. 
 
 





at various %TSC in range  




TSC :                                     ISO 124:1997(E) 
DRC :                                    ISO 126:1995
Viscosity :                             Brookfield viscometer model RV-T     
Particle size and PSD :         Malvern Master sizer S and TEM  
 
Sample preparation 
at various %TSC in range  
of 48 - 62% (by weight) 
 
 
Figure 3.1 The flow chart of experimental design 
 
  For (ii), seven concentrations in range of 48%, 52%, 56%, 60%, 
61.5%, 64% and 66% TSC (by weight) were prepared. Sorvall ultra-centrifuge 
machine (model RC-28S with GSA rotor) was employed. The as received latex was 
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poured into Sorvall GSA centrifugal tubes and packed into the Sorvall GSA rotor. 
The centrifuge machine was operated at 9,000 rpm and temperature of 25°C for 45 
minutes. After centrifugation, two distinct layers were observed in the centrifugal 
tubes. Water layer was on the top of centrifugal tubes. It was slowly rinsed off from 
tubes. TSC of the residual latex layer was determined. The residual latex was diluted 
by a known amount of distillated water for the specified TSC. The calculated re-
centrifuged latex and distillated water were weighted by digital balance and added 
into the cylindrical bottoms. The sample bottoms were shaken at 180 rpm for 30 
minutes to homogenize the latex samples. They were rested at room temperature 
about 24 hours then kept at 4°C in a refrigerator. The cool samples were released in 
room temperature about 4 hours before used. The notation was employed to identify 
each sample as followed; 
ABC,D
where A = source of natural rubber late entrate 
y wt.)  
x conc
  B = method of sample preparation 
  C = lot of natural rubber latex 
  D = total solids content in % (b
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Table 3.2 Abbreviation of HA NRL samples  
A B C D 
C = Chonburi O = directly diluted from supplier 1 = Lot 1 48   = 48 % 
S = Suratthani C = diluted from re-centrifuged NRL 2 = Lot 2 52   = 52 % 
U = Udornthani  3 = Lot 3 56   = 56 %  
   60   = 60 %  
   61.5 = 61.5 % 
   64   = 64 %  
   66   = 66 %  
 
 3.3.2  Determination of total solids content 
           TSC of latex is defined as the percentage by mass of the whole non-
volatile under specified conditions. The rubber latex was dried in an open atmosphere 
at an elevated temperature. The TSC of natural rubber latex was determined 
according to International Standard (ISO) number 124:1997(E) (Latex, rubber - 
Determination of total solids content). An empty flat-bottom dish was weighed. A 5.0 
g ± 1 g of latex sample (m0) was added in each flat-bottom dish. The sample dish was 
placed into the oven at temperature of 105°C ± 5°C to evaporate the volatile materials. 
After 10 hours of drying time, the sample dish was removed from the oven and cool 
down to ambient temperature in a desiccator. The dried latex dish was weighed and 
placed into the oven again. This schematic method was repeated in every two hours 
of drying time after the first weighed. When the constant weight (m1) of dried rubber 
was obtained (approximately 20 hours), TSC of samples was calculated as following   
 1
0
TSC    =     ×  100m
m
 (3.1) 
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For each NRL, five samples were repeated to calculate the average TSC of each 
NRL. 
 3.3.3  Determination of dry rubber content 
            Dry rubber content is defined as the percentage by mass of coagulated 
latex under specified conditions of colloidal destabilization. The DRC of natural 
rubber latex was determined according to ISO number 126:1995(E) (Latex, rubber - 
Determination of dry rubber content). A 5.0 g ± 1 g of latex sample (m0) was 
weighted in the flat-bottom dish. The latex sample in the dish was diluted by 
distillated water to 20% TSC (by weight). To homogenize the latex samples with 
distillated water, the sample dish was slowly swirled. A 0.5 g/dm3 of acetic acid 
solution was filled into the measuring pipette. The acetic solution was slightly poured 
down from the pipette to inside the edge of the dish and slowly rotated the dish. The 
acid reacted with rubber latex, thus the coagulation occurred. The coagulated latex 
below the surface of the acid was pressed by a spatula until it obtained a uniform 
sheet of rubber not exceeding 2 mm in thickness. The coagulated rubber was soaked 
by water until the water was no longer acidic to litmus. The sample dish was placed 
in the oven at temperature of 70°C ± 5°C to evaporate the volatile materials. After 10 
hours of drying time, the sample dish was removed from the oven and cooled down to 
ambient temperature in a desiccator. The dried latex dish was weighed and placed 
into the oven again. This schematic method was repeated in every two hours of 
drying time after the first weighed. When the constant weight (m1) of dried rubber 
was obtained (approximately 20 hours), DRC of samples was calculated as following   
 1
0
DRC   =     ×  100mm  (3.2) 
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For each NRL, five samples were repeated to calculate the average DRC of each 
NRL. 
 3.3.4  Determination of Particle size and particle size distribution  
           Particle size and PSD are important characteristics of the latex system. 
Other properties of the latex were influenced by PS and PSD (Hunter, 1992). In this 
experiment, laser light scattering diffraction and transmission electron microscopy 
(TEM) were employed to investigate the particle size and PSD of HA NRL 
concentrates. Laser light scattering diffraction is based on the fact that diffraction 
angle is inversely proportional to particle size (Rawle, 2000). Transmission electron 
microscopy is the most direct and reliable method for the measurement of the 
particle. The details of the experimental are described below. 
            3.3.4.1  Laser diffraction 
                        Laser diffraction is based on the scientific phenomenon of 
particles in laser light scattering. The large particles are scattered at small forward 
angles while small particles are scattered at wider angles (Stimson, 2000). The light 
scattering from a laser beam are collected by a detector and transferred to computer to 
analysis. Malvern Matersizer S was employed to investigate the particle size and PSD 
of HA NRL concentrates. A laser beam was generated by Helium-Neon source. Wet 
dispersion analysis was conducted. QSpec (small volume sample handling unit) was 
used as the dispersant tank. The laser beam was warmed up for 15 minutes to reach 
the required energy level and a Sizer program was turned on. A 120 ml of distillated 
water as the dispersant medium was added into the dispersant tank. The 
ultrasonification speed, stirrer speed and pump speed were set at 80 percent. The 
distilled water was pumped into the flow cell where the laser beam passed. The 
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experimental background was collected. To measure the particle size and PSD of 
latex, a few drops of 60% TSC of latex samples were added into the dispersant tank 
(in range of 10-30% obscuration, see on the Sizer program). Wait for 15 second 
before the measurement. The particle size data were transferred from the detector to 
computer and analyzed by Sizer program. The presentation model was chosen to 
obtain the correct size based on the light optical constants of the sample and 
dispersant. Refractive indices of rubber latex (polyisoprene) and distillated water are 
1.53 and 1.33, respectively. A D[4,3] (mean average diameter by volume/diameter or 
z-average diameter or De Broucker mean), skewness (Sk) and polydispersity (Pd) of 
data were reported in Sizer  Table results. The statistics of the distribution and 
average diameters D[4,3] were calculated from the raw data according to British 
Standard BS2955:1993. Three measurements were carried out for each sample. 
            3.3.4.2  Transmission electron microscopy (TEM) 
                        Electromagnetic radiations originating from a filament are 
converged onto a thin specimen by means of a condenser lens system. An 
illumination transmitted through the specimen is focused into an image and 
magnified by a series of intermediate and projector lenses until the final image is 
viewed on the fluorescent screen (Bozzola and Russelll, 1999). In this study, TEM 
(Hitachi JEOL 2010, 80 kV) was employed. Rubber latex sample was diluted by 
distillated water to 5% of TSC. A 4% (by weight) osmium tetraoxide (OsO4) solution 
was used to stain the rubber particle to increase phase contrast (Nopnit, 1985). A 2 ml 
of diluted rubber latex sample was mixed with one drop of OsO4 solution in test tube 
and slowly shaken. The test tube sample was kept in the dark room overnight. The 
test tube was slowly shaken again before latex sample was dropped on the copper 
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grid. Only one drop of stained latex sample was dropped on brilliant side of copper 
grid (Mesh no. 100) covered by poly vinyl-formvar film. The sample was then dried 
in a desiccator over night. The dried sample was placed on the grid holder and 
inserted into specimen exchanger. High vacuum or low pressure system was required 
to reduce the effect of light diffraction. Wait about 15 minutes to reach the required 
pressure. In this experiment, lanthanum hexaboride (LaB6) filament was used to 
generate the electron beam. The instrument was operated at an accelerating voltage of 
80 kV. TEM micrograph was captured by TEM camera connected to computer. At 
least 200 rubber particles were required for the particle size and PSD calculation for 
each sample condition. Standard polystyrene latex with diameter of 220 ± 6 nm 
(Duke scientific corporation) was used as reference for the particle size in TEM 
measurement. CO1, SO1, UO1 and UO2 were selected to represent the morphology 
and particle size of samples.  
 3.3.5  Viscosity measurement 
           The viscosity of natural rubber latex was measured by using 
Brookfield viscometer (RV model) with coaxial cylinder geometry as shown in 
Figure 3.2. In this study, ultra low viscosity adapter (UL-A) and small sample adapter 
(SC4-21) were used as sample cup. The UL-A with cylindrical spindle radius (Rb) of 
1.2575 cm, cylindrical container with radius (Rc) of 1.3810 cm and effective length of 
(L) 9.2370 cm was employed. The SC4-21 with cylindrical spindle radius (Rb) of 
0.8380 cm, cylindrical container with radius (Rc) of 0.9525 cm and effective length of 
(L) 6.4770 cm was employed. The viscous drag on the cylinder causes an angular 
deflection of the torque spring which is proportional to the viscosity of the fluid. 
Therefore the viscosity was indicated by means of a pointer and scale. The 16 ml of 
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HA NRL sample was poured into the cup. The sample cup was placed into the water 
jacket assembly. The water jacket was maintained at set temperature of 10, 15, 20, 
25, 30, 35 and 40°C. The cylindrical spindle was carefully inserted into the sample 
cup to avoid air being trapped. The required shear rates were 0.61, 1.23, 3.06, 6.13, 
12.26, 24.52, 61.29, 92.68 and 122.58 sec-1. The motor speed of rotor was set to 
obtain the required shear rate, relationship between motor speed and shear rate is 
shown in Table 3.4. When the sample temperature was reached to set temperature, 
switch on the viscometer motor. The percent of torque was read from the pointer at 
equilibrium. Repeat the procedure five times. The shear rate, shear stress and 









Figure 3.2 Schematic of a coaxial cylinder viscometer 
 













M           
2 π R  L
τ =  (3.4) 
                τη γ= &  (3.5) 
Where: γ&  = shear rate (sec-1) 
 τ = shear stress (dynes/cm2) 
 Rc = radius of container (cm) 
 Rb = radius of spindle (cm) 
 L = effective length of spindle (cm) 
 M = percent of torque from reading (maximum = 7,187 dynes/cm2) 
 ω = angular velocity of spindle (rad/sec) = (2π×rpm/60) 
 η =  viscosity (poise) 
  Rheological properties were focused on the behavior of HA NRL 
concentrated samples at 25°C and a range of shear rates shown in Table 3.4. To study 
the effect of temperature on the viscosity of HA NRL concentrates, seven 
temperatures were applied on viscosity measurement. UO3,56, UO3,60, UC3,56, UC3,60 
and UC3,64 were selected to represent the viscosity data at temperature of 10, 15, 20, 
25, 30, 35 and 40°C. At each temperature, viscosity of NRL samples at shear rates of 
3.06, 6.13, 12.26, 24.52, 61.29 and 122.58 sec-1 was investigated. Five measurements 
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Table 3.3 Relationship between motor speed (revolution per minutes, rpm) and shear 
                  rate (sec-1) of UL-A and SC4-21 sample cups  
Shear rate, γ&  (sec-1) 
Motor speed of rotor (rpm) 
UL-A SC4-21 
100 122.58 92.68 
50 61.29 46.34 
20 24.52 18.34 
10 12.26 9.27 
5 6.13 4.63 
2.5 3.06 2.32 
1 1.23 0.93 
0.5 0.61 0.46 
 
Table 3.4 List of experimental shear rate conditions of HA NRL concentrates  
        samples at 25°C 
Shear rate (sec-1) 
Sample 
122.58 92.68 61.29 24.52 12.26 6.13 3.06 1.23 0.61 
CO1 X O X X X X X O O 
CC1 X O X X X X X O O 
SO1 X X X X X X X O O 
SC1 X X X X X X X O O 
UO1 X X X X X X X X X 
UC1 X X X X X X X O O 
UO2 X X X X X X X X X 
UC2 X X X X X X X O O 
UO3 X O X X X X X O O 
UC3 X O X X X X X O O 
X = tested, O = untested 
   
 33
 3.3.6  Density measurement 
           The density of latex samples was measured by using pycnometer with 
the volume ( pν ) of 1.51 cm3. The empty pycnometer and the cover were weighed. 
The latex sample was added into the Pyrex® pycnometer. Wait a minute to rinse of 
latex from the cover and cleaned the pycnometer by using blotting paper. The 
pycnometer was soaked in water bath at 25°C for 5 minutes and cleaned by blotting 
paper again. The pycnometer was weighed to calculate the weight of latex sample. 
Density of rubber latex samples were calculated according to equation 3.6 
 Mass ( )Density ( )    Volume ( )ρ =
m
v  (3.6) 
The rubber latex in pycnometer was identified into two fractions as rubber phase 
(include non rubber component) and water phase. Thus, the latex volume in 
pycnometer ( pv ) composed of volume of rubber phase ( ) and volume of water 




pm ) composed of weight of rubber phase ( ) and weight of water phase 
( ), the relation is shown in equation (3.8). 
rubberm
waterm
 p waterrubber           =  v v v+  (3.7) 
 p waterrubber          =  +m m m  (3.8) 
Equation 3.9 showed the expression of weight of rubber in term of latex weight in 
pycnometer and equation 3.10 showed the expression of weight of water in term of 
latex weight in pycnometer. 
 brubber
 × TSC (% by weight)   =  
100
mm  (3.9) 
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 bwater b
  TSC (% by weight)    =   -  100
×mm m  (3.10) 
Equation 3.10 was substituted into equation 3.6 to obtain volume of water in terms of 
TSC and weight of rubber latex as showed in equation 3.11. Then it can be found the 











 -  
TSC (% by weight)
100   =    =  
1.028 g/cmρ
×m





 -  
 TSC (% by weight)
100  =     -   
1.028 g/cm
×mm
v v  (3.12) 
The equation 3.6 was substituted by equation 3.9 and 3.12 to obtain the density of 






  TSC (% by weight)
100  =   TSC (% by weight)








   
CHAPTER IV 
RESULTS AND DISCUSSIONS 
 
4.1 Total solids content and dry rubber content 
 The natural rubber latex samples were prepared by two methods, direct 
dilution of as received NRL concentrates and dilution of re-centrifuged NRL 
concentrates. By direct dilution, five samples with different total solids content (by 
weight) were prepared. By dilution of re-centrifuge NRL concentrates, seven samples 
with different total solids content (by weight) were prepared. Total solids content and 
dry rubber content of NRL samples prepared by direct dilution of as received NRL 
concentrates are summarized in Table 4.1. Table 4.2 shows the total solids content 
and dry rubber content of NRL samples prepared by diluted from re-centrifuged NRL 
concentrates. Due to the difficulty in exactly weighing sticky latex, TSC of each 
sample may not be exactly the same as specified, e.g. the true TSC of UO3,48 is 47.77 
± 0.01. Measured TSC (true TSC) was used for all calculations. 
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Table 4.1 Total solids content (TSC) and dry rubber content (DRC) of NRL samples  
                  prepared by direct dilution of the received NRL concentrates 
Sources NRL samples TSC  (% by weight) 
DRC  
(% by weight) 
CO1,48 48.05 ± 0.02 46.84 ± 0.14 
CO1,52 51.99 ± 0.02 50.88 ± 0.12 
CO1,56 56.01 ± 0.07 54.88 ± 0.43 
CO1,60 60.04 ± 0.05 58.98 ± 0.13 
Chonburi 
CO1,61.5 61.65 ± 0.04 60.31 ± 0.20 
SO1,48 48.09 ± 0.04 47.11 ± 0.03 
SO1,52 51.97 ± 0.12 50.89 ± 0.04 
SO1,56 56.14 ± 0.04 54.87 ± 0.04 
SO1,60 59.97 ± 0.04 58.78 ± 0.04 
Suratthani 
SO1,61.5 61.16 ± 0.05 60.04 ± 0.19 
UO1,48 48.01 ± 0.33 46.63 ± 0.07 
UO1,52 52.61 ± 0.06 51.31 ± 0.10 
UO1,56 55.97 ± 0.03 54.63 ± 0.06 
UO1,60 60.10 ± 0.08 58.56 ± 0.15 
Udornthani Lot 1 
UO1,61.5 61.34 ± 0.06 59.84 ± 0.06 
UO2,48 47.94 ± 0.04 46.80 ± 0.04 
UO2,52 52.08 ± 0.01 50.77 ± 0.05 
UO2,56 56.07 ± 0.04 54.64 ± 0.19 
UO2,60 60.07 ± 0.02 58.77 ± 0.23 
Udornthani Lot 2 
UO2,61.5 61.47 ± 0.04 59.77 ± 0.15 
UO3,48 47.77 ± 0.01 47.66 ± 0.09 
UO3,52 51.69 ± 0.01 51.11 ± 0.01 
UO3,56 55.92 ±0.19 55.10 ± 0.05 
UO3,60 59.64 ± 0.03 58.92 ± 0.01 
Udornthani Lot 3 
UO3,61.5 61.54 ± 0.02 59.68 ± 0.01 
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Table 4.2 Total solids content (TSC) and dry rubber content (DRC) of NRL samples  
                  prepared by dilution of re-centrifuged NRL concentrates  
Sources NRL samples TSC  (% by weight) 
DRC  
(% by weight) 
CC1,48 47.97 ± 0.02 47.38 ± 0.07 
CC1,52 51.98 ± 0.02 51.28 ± 0.12 
CC1,56 55.97 ± 0.03 55.39 ± 0.15 
CC1,60 60.01 ± 0.01 59.27 ± 0.20 
CC1,61.5 61.57 ± 0.02 60.62 ± 0.09 
CC1,64 63.94 ± 0.14 63.11 ± 0.06 
Chonburi 
CC1,66 66.08 ± 0.02 65.53 ± 0.13 
SC1,48 48.92 ± 0.19 47.87 ± 0.36 
SC1,52 51.68 ± 0.01 50.82 ± 0.25 
SC1,56 55.75 ± 0.31 55.22 ± 0.03 
SC1,60 60.22 ± 0.01 59.38 ± 0.50 
SC1,61.5 61.97 ± 0.02 61.20 ± 0.06 
SC1,64 64.67 ± 0.02 63.98 ± 0.14 
SC1,66 66.16 ± 0.07 65.58 ± 0.10 
Suratthani 
SC1,68 67.43 ± 0.06 66.51 ± 0.37 
UC1,48 48.00 ± 0.04 47.05 ± 0.10 
UC1,52 52.03 ± 0.13 51.15 ± 0.99 
UC1,56 56.00 ± 0.06 55.15 ± 0.15 
UC1,60 59.99 ± 0.03 59.10 ± 0.10 
UC1,61.5 61.17 ± 0.07 60.15 ± 0.48 
UC1,64 64.46 ± 0.03 63.66 ± 0.03 
Udornthani Lot 1 






Table 4.2 Total solids content (TSC) and dry rubber content (DRC) of NRL samples  
                  prepared by dilution of re-centrifuged NRL concentrates (continued) 
Sources NRL samples TSC  (% by weight) 
DRC  
(% by weight) 
UC2,48 47.74 ± 0.05 46.71 ± 0.24 
UC2,52 51.80 ± 0.04 50.70 ± 0.05 
UC2,56 55.64 ± 0.02 54.23 ± 0.08 
UC2,60 59.67 ± 0.03 58.58 ± 0.20 
UC2,61.5 60.89 ± 0.41 59.82 ± 0.08 
UC2,64 63.50 ± 0.02 62.56 ± 0.09 
Udornthani Lot 2 
UC2,66 65.42 ± 0.05 64.20 ± 0.06 
UC3,48 47.66 ± 0.09 46.92 ± 0.13 
UC3,52 51.85 ± 0.02 51.01 ± 0.08 
UC3,56 56.33 ± 0.13 55.35 ± 0.08 
UC3,60 59.57 ± 0.07 58.84 ± 0.06 
UC3,61.5 61.13 ± 0.03 60.57 ± 0.03 
UC3,64 63.85 ± 0.02 63.34 ± 0.12 
Udornthani Lot 3 
UC3,66 65.56 ± 0.04 64.49 ± 0.19 
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4.2 Particle size and particle size distribution 
 4.2.1  Laser diffraction technique  
           The particle size and PSD data from light scattering technique are 
presented in terms of particle frequency (% by volume) and rubber particle size 
diameter. Figure 4.1 shows the particle size distribution of CO1, SO1, UO1, UO2, and 
UO3 samples. As seen, the shape of PSD of CO1, UO1, UO2, and UO3 samples is 
relatively the same while the shape of slightly broader distribution at large size is 
observed for the SO1. The particle size distribution of the CC1, SC1, UC1, UC2, and 
UC3 samples is shown in Figure 4.2. Large particles were found at the bottom of 
centrifugal tube and small particles were found at the top of centrifugal tube. Thus, 
the small particles are possibly removed resulting in narrower size distribution. The 
difference in size distribution is caused by the re-centrifugation process. In the 
centrifugation process, the particle size and particle size distribution depend on the 
density of the particle, density of the fluid medium, operating speed and time of 
centrifugation (Rippel, Lee, Leite and Galembeck, 2003). The similar distributions of 
studied Hevea NRL were investigated by Cornish and Brichta (2002) and 
Sanguansap, Suteewong, Saendee, Buranabunya, and Tangboriboonrat (2005). 
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Rubber particle diameter (μm)








































Figure 4.1 Particle size distribution of rubber particles in the received NRL  
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Figure 4.2 Particle size distribution of rubber particles in the re-centrifuged NRL 
                    concentrates (CC1, SC1, UC1, UC2 and UC3 samples) 
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           Particle size and particle size distribution are important in the study of 
latex or colloid system. Many statistical terms of average diameter were commonly 
used for polydisperse latex such as the average diameter by number average (D[1,0]), 
surface area average (D[2,0]), volume average (D[3,0]), volume/area average 
(D[3,2]) and volume/diameter average (D[4,3]) (Blackley, 1997). In our NRL system, 
the volume/diameter average or z-average diameter was selected since the rheogical 
properties depend on the distribution of volume of particles with respect to diameter. 
Average particle diameter was calculated in terms of mean diameter by 
volume/diameter average (D[4,3]) according to equation (4.1) (Hunter, 1993). The 
distribution of diameter was displayed in terms of standard deviation (σ) as computed 






[4,3]    =    


















⎟⎟  (4.2) 
where  Vi  = relative volume of particle in class i  
 di  = mean class diameter of particle in class i 
 d   = mean diameter of particle by volume/diameter average (D[4,3]) 
           By definition, the standard deviation is the root-mean-square deviation 
about the mean value. It does not provide an indicator of the statistical error about the 
mean of multiple measurements. If the distribution is unimodal and not too skewed, 
the standard deviation will give a reasonable indication of dispersity.  But in case of 
un-normal distribution as in this experiment, the particle distributions were discussed 
in terms of skewness (Sk) and polydispersity index (Pd). The skewness is referred to 
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the degree of asymmetry in particle size distribution. The skewness value is defined 




















⎟⎟  (4.4) 
           The values of z-average diameter average, standard deviation, 
skewness and polydispersity of concentrated NRL samples are summarized in Table 
4.3. SO1 showed the highest z-average diameter (0.93 μm) and standard deviation 
(0.48). For NRL concentrates without recentrifugation, the z-average diameter of 
rubber particle is in the order of SO1> UO1 > UO3 > UO2 > CO1. Relatively the same 
standard deviation values were found on UO1, UO3, UO2 and CO1 samples. Z-
average diameter and standard deviation of the re-centrifuged samples except SC1 are 
higher than their counterparts. All latex samples showed the positive skewness values 
meaning that average diameter is greater than the median diameter. For normal 
distribution or monodisperse system, skewness is zero (Hall, 2000, Pongvichai, 
2004). The increase of skewness value in re-centrifuged samples indicated the shift of 
z-average diameter to right positive value. The polydispersity is a measure of the 
breadth of the PSD: in the hypothetical case of a completely monodisperse, Pd = 1. A 
large value of Pd means a broad PSD (Hunter, 1992). The polydispersity index 
greater than one was found in all latex samples suggesting that the latex systems are 
the polydisperse system. The increasing values of D[4,3] of re-centrifuged samples 
can be explained by the removal of small particles in re-centrifugation process during 
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sample preparation (Rippel et al., 2003).   
 
Table 4.3 The summary of z-average diameter (D[4,3]), standard deviation (σ),  
                   skewness (Sk) and polydispersity (Pd) of concentrated NRL samples  
NRL samples D[4,3], (μm) σ Sk Pd
CO1 0.74 0.30 0.65 1.08 
SO1 0.93 0.48 1.34 1.13 
UO1 0.82 0.34 0.78 1.08 
UO2 0.78 0.31 0.82 1.08 
UO3 0.80 0.34 0.80 1.08 
CC1 0.81 0.44 2.00 1.14 
SC1 0.89 0.43 1.09 1.11 
UC1 0.89 0.41 1.20 1.10 
UC2 0.80 0.42 1.66 1.13 
UC3 0.83 0.35 1.84 1.09 
 
 4.2.2  Transmission electron microscopy (TEM) 
           TEM was employed to investigate the morphology and particle size of 
NRL samples. Monodisperse polystyrene (Duke® scientific) with particle size 
diameter of 220 ± 6 nm was used as TEM reference. The TEM micrograph of 
standard polystyrene is shown in Figure 4.3. As it is shown, PS particles are spherical 
and monomodal in size. Two hundred polystyrene particles were counted. The z-
average diameter and standard deviation were calculated according to equations (4.1) 
and (4.2), respectively. From the calculation, the z-average diameter is 217.44 ± 9.41 





Figure 4.3 TEM micrographs of 220 ± 6 nm standard polystyrene taken at different 
                   positions 
 
           CO1, SO1, UO1 and UO2 samples were selected to investigate the 
morphology and particle size. Their TEM micrographs are shown in Figure 4.4, 4.5, 
4.6 and 4.7, respectively. All micrographs displayed the various size of rubber 
particle in each rubber cloud. The overlapping of particles was seen in all figures. The 
different sizes of rubber particles randomly dispersed in each rubber cloud. As it is 
observed in all micrographs, NRL particles are spherical and polydisperse. This 
morphology confirmed the polydispersity of NRL latex samples. This TEM 
micrograph agreed with TEM micrograph of freeze-fractured surface of NRL in the 
study of Rouilly, Rigal and Gilbert (2004). The z-average diameter and standard 
deviation from TEM were calculated according to equation (4.1) and (4.2), 
respectively. The summary of number of counted particles, z-average diameter and 





























Table 4.4 The summary of number of counted particles, z-average diameter (D[4,3]),  
                 standard deviation (σ), and polydispersity (Pd) of CO1, SO1, UO1 and UO2  
                 samples obtained from TEM 
NRL samples Number of counted particles D[4,3], (μm) σ Pd
CO1 712 1.10 0.34 1.05 
SO1 400 1.18 0.35 1.04 
UO1 580 1.20 0.36 1.04 
UO2 855 1.28 0.47 1.07 
 
  Higher number of particles counted provides more accurate particle 
size obtained from TEM. Due to the change in shape upon long exposure to electron 
beam, number of NR particles counted is limited. Thus TEM results will be used to 
only depict the shape of natural rubber particles. 
 
4.3 Flow behavior of natural rubber latex concentrates 
 Plots of viscosity against shear rate at 25°C of NRL concentrates from 
Chonburi, Suratthani, Udornthani lot 1, Udornthani lot 2 and Udornthani lot 3 are 
illustrated in Figure 4.8, 4.9, 4.10, 4.11 and 4.12, respectively. In each figure, the 
viscosity behavior of both sample preparations is presented. The directly diluted 
samples from the received latex are presented by closed symbols. The diluted 
samples from the re-centrifuged latex are presented by opened symbols. In the range 
of shear rates studied, shear thinning behavior is observed in all latex samples. Latex 
viscosity decreased when the applied shear rate was increased. This flow behavior 
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was explained by flow of time-independent inelastic fluids (Hunter, 1993). At low 
shear rates, Brownian motion of the rubber latexes made them to rotate and they 
interfere strongly with one another so the viscosity is high. As the shear rate 
increased, the rubber latexes were became deformable and aligned with the direction 
of flow, so that they interfere less with one other and the viscosity decreased. Shear 
thinning behavior is normally observed in both synthetic latex (Berend and 
Richtering, 1995, Ngothai et al., 1995, Varkey et al., 1995, Chu et al., 1998, Luckham 
and Ukeje, 1999, Mewis and Vermant, 2000) and natural latex system (Varkey et al., 
1995). Generally, flow behavior of colloid system is classified into three parts; 
Newtonian plateau at low shear rate, shear thinning behavior at intermediate shear 
rate, and finally, Newtonian behavior at high shear rate (Goodwin, 1982 quoted in 
Rodriguez and Kaler, 1992). In this study, only shear thinning behavior at 
intermediate shear rate is found.   
 At the same TSC, NR latexes from both preparation methods do not show 
significant difference in viscosity. Besides the difference in particle size and PSD 
(will be discussed in 4.4). The small difference in viscosity may also result from non 
equivalence in percent of TSC. It suggests that the re-centrifugation of NRL 













































Figure 4.8 A plot of viscosity at 25°C against shear rate of Chonburi NRL 
  concentrates at various TSC: CO1 (closed symbols) and CC1 (opened 













































Figure 4.9 A plot of viscosity at 25°C against shear rate of Suratthani NRL 
  concentrates at various TSC: SO1 (closed symbols) and SC1 (opened 




























Figure 4.10 A plot of viscosity at 25°C against shear rate of Udornthani lot 1 NRL 
                     concentrates at various TSC: UO1 (closed symbols) and UC1 (opened 




























Figure 4.11 A plot of viscosity at 25°C against shear rate of Udornthani lot 2 NRL 
                     concentrates at various TSC: UO2 (closed symbols) and UC2 (opened 















































Figure 4.12 A plot of viscosity at 25°C against shear rate of Udornthani lot 3 NRL 
                     concentrates at various TSC: UO3 (closed symbols) and UC3 (opened 
                     symbols) 
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4.4 Effect of particle size and PSD on the latex viscosity 
 The latex viscosities at shear rates of 3.06, 6.13 and 12.26 sec-1 were 
employed to present the effect of particle size and particles size distribution. Relative 
viscosity (equation 2.1), the ratio of viscosity of latex solution to the medium (η0), 
was used. In this study, water was assumed to be a latex medium in all samples. 
Density and viscosity of water at different temperatures were listed in Appendix A. 
Figure 4.13 shows the relative viscosity of NRL samples plotted against %TSC (by 
weight) at shear rate of 3.06 sec-1 and temperature of 25°C. As it is shown, NRL 
samples are clearly divided into two groups of viscosity as drawn in gray areas. The 
same results are also observed at shear rate of 6.13 and 12.26 sec-1 (Figure 4.14 and 
Figure 4.15). The separation of viscosity groups begins at 58-60% TSC. The first 
group with higher relative viscosity is composed of CO1, CC1, UO2 and UC2 and the 
second is composed of SO1, SC1, UO1, UC1, UO3 and UC3. The relative viscosity of 
samples are in the order of CO1~UO2 > CC1~UC2 > UO1~UO3 > SO1 > UC3~UC1 > 
SC1. The comparison of relative viscosity results with z-average diameter (in Table 
4.3) was carried out to explain the experimental results. It is found that NRL samples 
in the upper gray have smaller particle size than that in the lower gray area. That is 
large particle showed lower relative viscosity than small particles. The results are 
agreed with the study of rheological behavior of synthetic latex (Johnson and Kelsey, 
1958; Greenwood et al., 1998; Chu et al., 1998).  
 
 56
TSC (% by weight)

































Figure 4.13 Relative viscosity at various particle sizes as a function of TSC at shear  
 rate of 3.06 sec-1 and temperature of 25°C: directly diluted samples  
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Figure 4.14 Relative viscosity at various particle sizes as a function of TSC at shear  
 rate of 6.13 sec-1 and temperature of 25°C: directly diluted samples  
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Figure 4.15 Relative viscosity at various particle sizes as a function of TSC at shear  
 rate of 12.26 sec-1 and temperature of 25°C: directly diluted samples  




 Effect of particle size on latex viscosity can be explained by two reasons. 
First, increasing particle size or larger particle is expected to decrease the viscosity of 
latex, since the average distance between the surfaces of neighboring particles are 
increased (Blackley, 1997). The increasing of average distance between particles 
decreases the opportunity of particles to encounter and form of interparticle bonds 
(Johnson and Kelsey, 1958). Second, increasing particle size to decreases the surface 
area per unit volume (Blackley 1997). The normalized surface area per unit volume 
by CO1 of NRL samples are shown in Table 4.5. Surface area per unit volume is 
calculated base on the spherical shape of particle. Surface area and volume of NRL 
particles were calculated according to equation (4.5) and equation (4.6), respectively.  
 
2
iSurface area  =  4  
2
d
π ⎛ ⎞⎜ ⎟⎝ ⎠  (4.5) 
  
2
i   
4Volume        =
3 2
⎛ ⎞⎜ ⎟⎝ ⎠
d
π  (4.6) 
 As mentioned earlier, PSD does affect flow of latex. Polydisperse system 
shows lower viscosity than monodisperse system. In this work, it is difficult to clearly 
see the effect of PSD on latex viscosity. For natural latex, one cannot actually blend 
particles of specific sizes with a known proportion. However, among NRL studied, 
SO1 with highest particle size does not show the lowest viscosity. This could be an 
example indicating the effect of PSD. For high polydisperse system, the small 
particles can be accommodated between the larger ones. This increases the packing 




Table 4.5 The normalized surface area per volume of NRL samples by surface area  






































































CO1 0.74 8.43E-11 1.04E-17 8.11E+06 1.00 
SO1 0.93 1.33E-10 2.06E-17 6.45E+06 0.80 
UO1 0.82 1.04E-10 1.42E-17 7.32E+06 0.90 
UO2 0.78 9.37E-11 1.22E-17 7.69E+06 0.95 
UO3 0.80 9.86E-11 1.31E-17 7.50E+06 0.93 
CC1 0.81 1.01E-10 1.36E-17 7.41E+06 0.91 
SC1 0.89 1.22E-10 1.81E-17 6.74E+06 0.83 
UC1 0.89 1.22E-10 1.81E-17 6.74E+06 0.83 
UC2 0.80 9.86E-11 1.31E-17 7.50E+06 0.93 
UC3 0.83 1.06E-10 1.47E-17 7.23E+06 0.89 
 
 As a result, latex viscosity decreases. It is to mention that, the difference in 
viscosity between the different z-average sizes decreases with increasing shear rates. 
For example, 64% TSC (by weight) relative viscosities between CC1-UC1 differ 
about 250, 140 and 90 cP at shear rates 3.06, 6.13 and 12.26 sec-1, respectively. This 
can be explained by shear thinning behavior. As the shear rate increased, the rubber 
particles become deformable and align with the direction of flow, so that the particles 





4.5 Effect of the total solids content on viscosity 
 The NRL viscosity at 25°C as a function of TSC at various shear rates was 
investigated. The latex viscosity was converted into relative viscosity term to neglect 
the different medium of NRL and temperature as in section 4.4. Plot of relative 
viscosity of Chonburi NRL against total solids content at six shear rates are shown in 
Figure 4.16. Relative viscosity of CO1 is presented by closed symbols and CC1 is 
presented by opened symbols. As seen in Figure 4.16, the relative viscosity of both 
samples slowly increased with percent TSC until the critical point (~ 60% TSC), so 
called critical TSC (TSCc). At upper than TSCc, relative viscosities of both samples 
rapidly increased with increasing TSC. The rapid increasing of relative viscosity with 
TSC beyond the critical point was explained by correlation to the maximum packing 
volume (φmax) of the particles system (Hunter, 1993, Schneider et al., 2002). The 
similar results are also obtained in NRL from Suratthani, Udornthani lot 1, 2 and 3, as 
presented in Figure 4.17, 4.18, 4.19 and 4.20, respectively. Similar latex behavior is 
typically observed in both concentrated natural rubber latex (Rhodes and Smith, 
1939; Cornish and Brichta, 2002) and in synthetic latex (Chu et al., 1998; Luckham 
and Ukeje, 1999; Schneider et al., 2002). 
 In this work, TSCc is defined as the intersection between slope of tangent at 
low TSC (slow increase viscosity) and tangent at high TSC (rapid increase viscosity). 
The exemplary determination of TSCc is shown in Figure 4.21. Figure 4.21 shows the 
determination of TSCc of CC1 and UC1 at shear rate 3.06 sec-1. The lines are drawn 
according to the slope of average relative viscosity with TSC in both of lower and 
higher of TSCc range. The intersection between slopes indicated the TSCc of CC1 and 
UC1 samples. TSCc of each NRL latex is obtained and summarized in Table 4.6. 
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CO1 @     3.06 sec-1
CO1 @     6.13 sec-1
CO1 @   12.26 sec-1
CO1 @   24.52 sec-1
CO1 @   61.29 sec-1
CO1 @ 122.58 sec-1
CC1 @     3.06 sec-1
CC1 @     6.13 sec-1 
CC1 @   12.26 sec-1
CC1 @   24.52 sec-1
CC1 @   61.29 sec-1
CC1 @ 122.58 sec-1
 
Figure 4.16 Relative viscosity at various shear rates as a function of TSC of 
                       Chonburi NRL at 25°C: CO1 (closed symbols) and CC1 (opened  
                       symbols)  
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SO1 @     3.06 sec-1
SO1 @     6.13 sec-1
SO1 @   12.26 sec-1
SO1 @   24.52 sec-1
SO1 @   61.29 sec-1
SO1 @ 122.63 sec-1
SC1 @     3.06 sec-1
SC1 @     6.13 sec-1
SC1 @   12.26 sec-1
SC1 @   24.52 sec-1
SC1 @   61.29 sec-1
SC1 @   92.68 sec-1
SC1 @ 122.58 sec-1
 
Figure 4.17 Relative viscosity at various shear rates as a function of TSC of  
                       Suratthani NRL at 25°C: SO1 (closed symbols) and SC1 (opened 
                       symbols) 
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UO1 @     3.06 sec-1
UO1 @     6.13 sec-1
UO1 @   12.26 sec-1
UO1 @   24.52 sec-1
UO1 @   61.29 sec-1
UO1 @ 122.58 sec-1
UC1 @     3.06 sec-1
UC1 @     6.13 sec-1
UC1 @   12.26 sec-1
UC1 @   24.52 sec-1
UC1 @   61.29 sec-1
UC1 @ 122.58 sec-1
 
Figure 4.18 Relative viscosity at various shear rates as a function of TSC of  
                       Udornthani lot 1 NRL at 25°C: UO1 (closed symbols) and UC1 (opened 
                       symbols) 
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UO2 @     3.06 sec-1
UO2 @     6.13 sec-1
UO2 @   12.26 sec-1
UO2 @   24.52 sec-1
UO2 @   61.29 sec-1
UO2 @ 122.63 sec-1
UC2 @     3.06 sec-1
UC2 @     6.13 sec-1
UC2 @   12.26 sec-1
UC2 @   24.52 sec-1
UC2 @   61.29 sec-1
UC2 @   92.68 sec-1
UC2 @ 122.58 sec-1
 
Figure 4.19 Relative viscosity at various shear rates as a function of TSC of  
                       Udornthani lot 2 NRL at 25°C: UO2 (closed symbols) and UC2 (opened  
                       symbols) 
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UO3 @     3.06 sec-1
UO3 @     6.13 sec-1
UO3 @   12.26 sec-1
UO3 @   24.52 sec-1
UO3 @   61.29 sec-1
UO3 @ 122.58 sec-1
UC3 @     3.06 sec-1
UC3 @     6.13 sec-1
UC3 @   12.26 sec-1
UC3 @   24.52 sec-1
UC3 @   61.29 sec-1
UC3 @ 122.58 sec-1
 
Figure 4.20 Relative viscosity at various shear rates as a function of TSC of  
                       Udornthani lot 3 NRL at 25°C: UO3 (closed symbols) and UC3 (opened  
                       symbols) 
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UC1 @  3.06 sec-1










Table 4.6 The critical total solids content (TSCc) of NRL samples determined from  
                  slope intersection  





























59.5 ± 0.1 
 
 As seen in Table 4.6, only TSCc of diluted samples from re-centrifuged latex 
with sufficient data at high TSC are shown. For direct dilution of as received NRL 
concentrates samples, the determination of TSCc from slope intersection was not 
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applied because of low viscosity data beyond the TSCc. As seen in Table 4.6, TSCc of 
all latex samples does not vary with applied shear rates. It suggests that TSCc does 
not depend on the applied shear rates and represents an individual characteristic of 
each system. The TSCcs of NRL samples (only from re-centrifuged) are in order of 
UC1 < UC3 < UC2 < CC1 < SC1. It is proposed that TSCc relates to the maximum 
packing volume (φmax). It can be inferred that PS and PSD should affect TSCc. As 
reviewed in chapter 2, φmax varies with particle size and PSD. 
 According equation (2.3) and (2.4), comparing high and low φmax systems, 
high φmax system gives lower latex viscosity. This high φmax system would benefit 
latex in manufacturing process since latex contains higher solids content with low 
viscosity. TSCc of NRL would then be useful for NRL processes. 
 
4.6 Effect of temperature on the latex viscosity 
 To investigate the influence of temperature on the viscosity, NRL samples 
with different TSCs from two preparation methods were employed. Temperature 
range of 10 to 40°C with the increment of 5°C was used. Figure 4.22 (a) shows a plot 
of latex viscosity of UO3,56 against temperature at six shear rates. The latex viscosity 
of UO3,56 decreased when temperature is increased at all shear rates. As for all 
liquids, latex viscosity decreases with increasing temperature. This result does not 
show a behavior of latex heat-sensitization (Blackley, 1997). The latex heat-
sensitization behavior is a decrease of latex viscosity as temperature increased, until a 
certain temperature is attained at which a sudden increase in viscosity is evident and 
coagulation occurs. The decreasing behavior of viscosity with increasing temperature 
is also found in UO3,60 (Figure 4.23 (a)), UC3,56 (Figure 4.24 (a)), UC3,60 (Figure 4.24 
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(a)) and UC3,64 (Figure 4.26 (a)). This behavior was also observed in other species of 
NRL (P. argentatum and F. elastica) (Cornish and Brichta, 2002) and synthetic rubber 
(Varkey et al., 1995). According to equation 2.1, 
  r
0
 (T) (T)       =         
 (T)
 ηη η  
 ηr represents the latex viscosity when viscosity of medium (η0) is taken into 
consideration. As shown in Figure 4.22 (b) for UO3,56, ηr increases with temperature 
at all shear rates, opposite to the results shown in Figure 4.22 (a). This finding 
indicates that viscosity of the medium changes more dramatic than viscosity of the 
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Figure 4.22 Effect of temperature on (a) viscosity and (b) relative viscosity of UO3,56  
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Figure 4.23 Effect of temperature on (a) viscosity and (b) relative viscosity of UO3,60  
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Figure 4.24 Effect of temperature on (a) viscosity and (b) relative viscosity of UC3,56  
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Figure 4.25 Effect of temperature on (a) viscosity and (b) relative viscosity of UC3,60  
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Figure 4.26 Effect of temperature on (a) viscosity and (b) relative viscosity of UC3,64  




4.7 The viscosity model 
 Mathematical models have been developed for rheological behavior of 
colloidal suspension as mentioned in section 2.4. Two well-known viscosity models, 
namely Mooney and Krieger-Dougherty equation were employed. Mooney equation 
(equation 2.3) describes the relationship between relative viscosities of latex system 
with volume fraction of particle in exponential term. Krieger-Dougherty equation 
(equation 2.4) indicates the relationship between relative viscosity of latex system 
and volume fraction of polymer in power term of maximum volume fraction. Both 
equations are frequently employed in colloidal suspension of spherical particle 
system in volume fraction range of 0-0.70 (Quadrat et al., 2005, Bradna et al., 1996, 
Carlsson et al, 2006, Pishvaei et al., 2005). In this research, Mooney and Krieger-
Dougherty equations were applied to deformable particles as NRL particles to 
investigate the applicability of both equations on NRL system.    
 Volume fraction of rubber particles (φrubber) can be calculated using equation 
4.7. TSC (% by weight) was converted into volume fraction. TSC was assumed to 
represent mass of rubber particles. 
 
rubber




         φ = +  
v
                  v v  (4.8) 
 ρρ
TSC     
)(Density 
)( Mass           )( Volume rubber == mv  (4.9) 
Equation 4.9 shows the relationship between volume with mass and density.  





TSC    







=     (4.10) 
 The volume fraction obtained from equation 4.10 was substituted into 
equation 2.3 for Mooney model and equation 2.4 for Krieger-Dougherty model. 
Experimental viscosity was fitted using CurveExpert© program version 1.34. The 
program can fit the data with math model and interpolate the data to find the constant 
value by Chi-square method. The [η] and φmax of NRL samples in both equations 
were obtained. Density of CC1, SC1, UC1, UC2 and UC3 used for calculation is listed 
in Table 4.7.  
 
Table 4.7 Density of natural rubber latexes 
NRL samples Density (g/cm3) 
CC1 0.8975 ± 0.0023 
SC1 0.8953 ± 0.0019 
UC1 0.9002 ± 0.0023 
UC2 0.8981 ± 0.0032 
UC3 0.8953 ± 0.0009 
 
 Figures 4.27-4.31 show the illustration of relative viscosity at certain shear 
rates against volume fraction. By fitting, the dotted and solid lines are drawn 
according to Mooney and Krieger-Dougherty, respectively. Figure 4.27 displays the 
fitting of relative viscosity data of CC1 at shear rate of 3.06 sec-1 and 12.26 sec-1. The 
relative viscosity drawn according to Krieger-Dougherty equation showed better 
 
 78
fitting than Mooney equation at shear rate 3.06 sec-1 but no difference at 12.26 sec-1. 
Figure 4.28 displayed the fitting of relative viscosity data of SC1 sample with 
Mooney equation and Krieger-Dougherty equation at shear rate 3.06 sec-1, 12.26 sec-1 
and 92.68 sec-1. The fitting lines from both equations showed good fitting for relative 
viscosity data of SC1. Below 70% volume fraction, both equations gave insignificant 
difference in relative viscosity values. Above 70% volume fraction, both equations 
gave the small difference in relative viscosity.  This is also observed in UC1, UC2 and 
UC3.   
 The intrinsic viscosity [η] and maximum packing volume (φmax) obtained 
from CurveExpert© fitting are listed in Table 4.8 using Mooney equation and Table 
4.9 using Krieger-Dougherty equation. The correlation coefficient (R2) value is a 
statistical value that depicts the relationship between experimental data and 
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Figure 4.27 Relative viscosity of CC1 at shear rate of 3.06 (●) and 12.26 sec-1  
                      (▲). The dotted lines are drawn according to Mooney equation. The 

























Figure 4.28 Relative viscosity of SC1 at shear rate of 3.06 (●), 12.26 sec-1 (▲) and  
                     92.68 sec-1 (■). The dotted lines are drawn according to Mooney 
                     equation. The solid lines are drawn according to Krieger-Dougherty 
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Figure 4.29 Relative viscosity of UC1 at shear rate of 3.06 (●) and 12.26 sec-1  
                      (▲). The dotted lines are drawn according to Mooney equation. The  


























Figure 4.30 Relative viscosity of UC2 at shear rate of 3.06 (●), 12.26 sec-1 (▲) and  
                     92.68 sec-1 (■). The solid lines are drawn according to Krieger- 
                     Dougherty equation. The dotted lines are drawn according to Mooney  
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Figure 4.31 Relative viscosity of UC3 at shear rate of 3.06 (●) and 12.26 sec-1  
                      (▲). The dotted lines are drawn according to Mooney equation. The  




Table 4.8 Maximum packing volume (φmax), intrinsic viscosity ([η]) and correlation  
                    coefficient (R2) from graph fitting using Mooney equation 
NRL samples Shear rate (sec-1) φmax [η] R2
3.06 0.8607 1.94 0.9965 
6.13 0.8685 1.92 0.9961 CC1
12.26 0.8701 1.85 0.9952 
3.06 0.9174 2.17 0.9965 
6.13 0.9124 2.05 0.9981 
12.26 0.9057 1.93 0.9985 
24.52 0.9022 1.85 0.9988 
SC1
92.68 0.8988 1.77 0.9975 
3.06 1.0032 2.74 0.9955 
6.13 0.9820 2.51 0.9968 
12.26 0.9736 2.38 0.9955 
UC1
24.52 0.9704 2.29 0.9969 
3.06 0.8646 2.05 0.9987 
6.13 0.8939 2.17 0.9994 
12.26 0.8893 2.06 0.9994 
UC2
92.68 0.9197 2.02 0.9994 
3.06 0.9224 2.28 0.9973 
6.13 0.9267 2.19 0.9987 
12.26 0.9287 2.11 0.9993 
UC3






Table 4.9 Maximum packing volume (φmax), intrinsic viscosity ([η]) and correlation  
                  coefficient (R2) from graph fitting using Krieger-Dougherty equation 
NRL samples Shear rate (sec-1) φmax [η] R2
3.06 0.7316 3.32 0.9984 
6.13 0.7339 3.12 0.9982 CC1
12.26 0.7340 2.99 0.9976 
3.06 0.7517 3.21 0.9985 
6.13 0.7499 3.06 0.9995 
12.26 0.7473 2.92 0.9997 
24.52 0.7459 2.81 0.9999 
SC1
92.68 0.7444 2.69 0.9992 
3.06 0.7758 3.57 0.9970 
6.13 0.7677 3.34 0.9970 
12.26 0.7638 3.18 0.9964 
UC1
24.52 0.7629 3.08 0.9974 
3.06 0.7294 3.32 0.9997 
6.13 0.7395 3.37 0.9999 
12.26 0.7377 3.15 0.9999 
UC2
92.68 0.7478 2.94 0.9999 
3.06 0.7497 3.30 0.9988 
6.13 0.7511 3.16 0.9996 
12.26 0.7517 3.03 0.9998 
UC3
24.52 0.7508 2.92 0.9999 
 
 The intrinsic viscosity values of latexes are in range of 1.5-2.8 cP for Mooney 
equation fitting and 2.6-3.6 cP for Krieger-Dougherty equation fitting. Both intrinsic 
viscosities obtained showed discrepancy from 2.5 as in Einstein equation. Einstein 
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equation was proposed for highly dilute suspension of non-interacting spheres and 
non-deformable particles in a Newtonian fluid (Lovell and El-Aasser, 1997). 
However, NRL particles are polydisperse and deformable. In addition, NRL viscosity 
was studied at high concentration. Thus higher intrinsic viscosity obtained than that 
in Einstein equation can be explained by high interaction and deformability of NRL 
system. Ammonia (NH3), tetramethyl thiuram disulphide (TMTD) and zinc oxide 
(ZnO) are normally added into commercial NRL concentrates to inhibit bacterial and 
latex coagulation. These stabilizers gave the stronger repulsive interaction among the 
particles and thus increased the intrinsic viscosity system (Staicu et al., 2005).   
 As seen in Table 4.8 and 4.9, maximum packing volume (φmax) is of 0.85-1.00 
for Mooney equation fitting and of 0.73-0.77 for Krieger-Dougherty equation fitting. 
From purely geometric arguments, the maximum packing volume is estimated to lie 
between 0.52 to 0.74 (Carlsson et al., 2006). High φmax in both equations could be the 
influence of degree of the deformability of rubber particles and degree of particle size 
distribution. The rubber particles are deformed upon the applied shear forces to 
accommodate in the space between the particles, similar to the penetration of small 
particles into the space between large particles. Thus the packing efficiency of rubber 
particles is high. Higher φmax than that based on purely geometric arguments was also 
observed in multimodal synthetic latex (Schneider et al., 2002). In this experiment, 
unrealistic of φmax value ( φmax > 1) according to Mooney fitting was observed in UC1. 
This is explained by the effect of stabilizer in latex system. Mooney equation was not 
developed for multimodal system with potential particle-particle interaction (due to 
stabilizer) (Schneider et al., 2002).   
 From Table 4.8 and Table 4.9, φmax of each latex sample showed insignificant 
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differences although the applied shear rates were changed. It suggests that φmax is 
independent on the applied shear rates and represents an individual characteristic of 
each sample. The average maximum packing volume data was calculated and shown 
in Table 4.10. The average φmax is found in order of UC1 > UC3 > SC1 > UC2 > CC1 
for both fitting.  
 
Table 4.10 Average maximum packing volume calculated from Mooney equation 
                    and Krieger-Dougherty equation 
Average maximum packing volume 
NRL samples 
Mooney equation Krieger-Dougherty equation 
CC1 0.8664 ± 0.0050 0.7332 ± 0.0014 
SC1 0.9073 ± 0.0076 0.7478 ± 0.0029 
UC1 0.9823 ± 0.0148 0.7676 ± 0.0059 
UC2 0.8918 ± 0.0226 0.7386 ± 0.0075 
UC3 0.9262 ± 0.0027 0.7508 ± 0.0008 
 
 By fitting the viscosity with both equations, it was found that correlation 
coefficients (R2) are greater than 0.99. It means that both equations can be used in 
polydisperse and deformable system such as in NRL concentrates. Based on higher 







 The aim of this research work was to investigate the effect of particle size, 
PSD, TSC and temperature on the viscosity of NRL concentrates. The samples used 
in this study can be classified into two categories: (i) NRL concentrates samples were 
directly diluted from received latex and (ii) NRL re-centrifuged samples were diluted 
from re-centrifuged latex. From laser diffraction, the z-average diameter is in range of 
0.74-0.93 μm for directly diluted NRL samples and 0.81-0.89 μm for diluted re-
centrifuged NRL. The NRL concentrates showed polydisperse system, with the 
particle size distribution index (Pd) ranging from 1.08-1.13 for directly diluted NRL 
samples and 1.09-1.14 for diluted re-centrifuged NRL. TEM micrographs showed the 
spherical shape and polydisperse rubber particles.  
 All NRL samples showed the shear thinning behavior at shear rate range of 
3.06-122.58 sec-1. As the shear rate increased, the rubber particles became 
deformable and aligned with the direction of flow, resulting in the decrease in 
viscosity. High TSC samples showed strong change with shear rate than low TSC. 
Preparation methods showed no significant difference in latex viscosity at the same 
TSC (in range of 48-60% TSC).  
 Large particles gave lower viscosity than small particles. Increasing particle 
size increased the average distance between the surfaces of neighboring particles and 
decreased the surface area per unit volume of particle. Thus the viscosity decreased. 
In the polydisperse system, the small particles can be accommodated between    
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the larger ones, reducing the average distance between neighboring particles. This 
increased the strength between the particles and the packing efficiency. As a result, 
the viscosity increased. The less effect of particle size and PSD on latex viscosities 
was observed when applied shear rates were increased. As the shear rate increased, 
the rubber latexes became deformable and aligned with the direction of flow. Then 
the effect of particles surface could be reduced. 
 The relative viscosity of all NRL samples increased as a function of TSC. The 
viscosity slowly increased with increasing TSC until the TSCc limit. Upper than TSCc 
limit, the viscosity rapidly increased with increasing TSC. In addition, TSCc showed 
the independence of the applied shear rates. The rapid increase of viscosity at upper 
than TSCc is explained by the close to the maximum packing volume (φmax) of 
particle system. The TSCc was observed in range of 58-60% (by weight) TSC for 
directly diluted NRL and 59-61% TSC (by weight) for diluted re-centrifuged NRL. 
TSCc of large rubber particle system was observed at lower value than that of the 
small particle system. This is due to the higher chance of small particles to penetrate 
into the space between the large particles to approach the maximum packing volume 
(φmax).  
 The latex viscosity decreased with temperature in range of 10-40°C. This may 
be because of the decrease of the interaction forces between particles or a 
disappearance of the water bridges due to evaporation. However, the relative 
viscosity of latex showed an increase with temperature. It indicates that the viscosity 
of medium changes more dramatic than viscosity of latex itself with temperature. 
 Mooney and Krieger-Dougherty equations showed the good fitting in latex 
viscosity. The correlation coefficients (R2) obtained from both equations are higher 
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than 0.99. The intrinsic viscosity values of latexes are in range of 1.5-2.8 cP for 
Mooney fitting and 2.6-3.6 cP for Krieger-Dougherty fitting. Higher intrinsic 
viscosities from both equations than Einstein equation can be explained by high 
concentration of latex particles and deformability of latex particles. The average 
maximum packing volumes are observed in range of 0.86-0.82 for Mooney fitting 
and 0.73-0.77 for Krieger-Dougherty fitting. With the higher R2 obtained in Krieger-
Dougherty equation, it suggests that Krieger-Dougherty equation is more suitably 
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Table A.1  Density and viscosity of water at different temperatures (Yaws, 1999) 
Temperature (°C) Density, ρ  (g/cm3) Viscosity, η (cP) 
5 1.0456 1.5304 
10 1.0412 1.3308 
15 1.0367 1.1661 
20 1.0321 1.0292 
25 1.0276 0.9144 
30 1.0230 0.8177 
35 1.0184 0.7356 
40 1.0138 0.6654 
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